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Shear flow in a three-dimensional complex plasma was experimentally studied in microgravity con-
ditions using Plasmakristall-4 (PK-4) instrument on board the International Space Station (ISS).
The shear flow was created in an extended suspension of microparticles by applying the radiation
pressure force of the manipulation-laser beam. Individual particle trajectories in the flow were anal-
ysed and from these, using the Navier-Stokes equation, an upper estimate of the complex plasma’s
kinematic viscosity was calculated in the range of 0.2–6.7 mm2/s. This estimate is much lower than
previously reported in ground-based experiments with 3D complex plasmas. Possible reasons of this
difference are discussed.
PACS numbers: 52.27.Lw
Introduction. Shear flows in liquids are ubiquitous in
nature and in laboratory experiments, they are impor-
tant in fundamental science and numerous applications.
Shear viscosity is an important characteristic of a liquid
which quantifies its resistance to flow; it has a central
role in understanding and describing shear flows.
Complex plasmas are suspensions of nanometer to mi-
crometer sized solid particles in a regular plasma [1].
The particles charge up (usually negatively) by collect-
ing electrons and ions from the plasma and interact with
each other via a screened Coulomb pair potential. Com-
plex plasmas exist in two-dimensional (2D) and three-
dimensional (3D) configurations. They are excellent
model systems, which allow studying various phenomena
including shear flows, at the most fundamental level of
individual particles and in real time [2, 3]. Since gravity
plays an important role in the balance of forces acting
on the particles, microgravity conditions are necessary
to obtain large unstrained 3D suspensions of particles.
Such conditions are achieved in parabolic flights of spe-
cialized aircraft, sounding rockets, and in microgravity
laboratories on board the ISS.
Only a few experiments with shear flows in 3D complex
plasmas, all of them ground-based, have been reported in
the literature [3–5]. Reported values of experimentally
measured kinematic viscosity of complex plasmas vary in
a wide range of 0.8–300 mm2/s, depending on the exper-
imental conditions. Shear flows in 3D complex plasmas
in microgravity conditions have not been studied so far.
It is instructive to compare the experimentally mea-
sured shear viscosity of complex plasmas with that
obtained in molecular dynamics (MD) simulations of
Yukawa liquids [6–9]. However, care should be taken
when doing such a comparison. First, the actual parti-
cle pairwise interaction potential in a complex plasma is
more complicated than the Yukawa potential used in the
simulations [10]. Second, simulations use various equilib-
rium or nonequilibrium methods, whereas experiments
with shear flows are by design nonequilibrium.
In this paper, we experimentally study shear flow in
a 3D complex plasma in microgravity conditions using
the Plasmakristall-4 (PK-4) instrument [11] on board the
International Space Station (ISS). An (upper) estimate
of the shear viscosity of the complex plasma liquid is
given and compared with previous experimental results
and MD simulations.
Experimental method. PK-4 is the latest generation of
ISS instruments intended to study complex plasmas in
microgravity conditions. Compared to its predecessors,
it is particularly well suited for studying flow phenomena
in liquid 3D complex plasmas. Neon or argon plasma is
produced by a direct current (DC) discharge in a long
3-cm-diameter glass tube. Melamine formaldehyde (MF)
microspheres with diameters in the range of 1.3–10.4 µm
are injected in the plasma from one of the six available
dispensers. A particle cloud is then trapped in the middle
of the tube by switching the discharge polarity at a fre-
quency of up to 1 kHz. The particles are illuminated by
a thin laser sheet and imaged by two video cameras with
slightly overlapping fields of view, which can be combined
into one. The instrument and its operation are described
in detail in Ref. [11].
The experiments reported in this paper were per-
formed after the PK-4 hardware had been upgraded by
installing the so-called Experimental Interface (details
will be published elsewhere), which allows experimen-
tal regimes without residual gas flow. This helped to
minimize undesired disturbances of the particle suspen-
sion. The experimental setup is shown schematically in
Fig. 1. The main experimental parameters are listed in
Table I. We used Ne plasma; the gas pressure was in
the range of 15–60 Pa. The DC discharge current was
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FIG. 1. (top) Schematic diagram of the experimental setup.
Shear flow in the particle suspension is induced by the
manipulation-laser beam. The particle observation cameras
1 and 2 are labeled accordingly. (This image was reproduced
with modification from [11], with the permission of AIP Pub-
lishing.) (bottom) Profile of the particle longitudinal velocity
vx(y, z) reconstructed from the suspension scan (in the y di-
rection). The higher-velocity area in the middle roughly cor-
responds to the cross section of the manipulation-laser beam.
0.5 mA and the maximum DC voltage was 1.5 kV. The
electron density ne and temperature Te were estimated
on the tube axis in the middle of the working area, see
Ref. [11] for more details. We used MF microparticles
with diameters of 3.38± 0.07 and 6.86± 0.12 µm. They
were trapped using polarity switching with a frequency
of 500 Hz and duty cycle ≃ 50%. For the particle charge
Q, we adopted the values reported for our experimental
conditions in Ref. [12]. For the particle neutral gas drag
rate γ, we used the Epstein expression [13]. The Wigner-
Seitz radius of the particle suspension was calculated as
a = r0/1.79, where r0 is the first peak position of the
pair correlation function g(r) measured in 2D cross sec-
tions of the particle suspension [14]. The particle number
density was calculated as n = 3(4πa3)−1. The coupling
parameter was estimated as Γ = Q2(4πǫ0aEk)
−1, where
Ek is the mean kinetic energy of the random motion of
particles (on top of the mean flow velocity). In some ex-
perimental runs, the particle suspension was scanned by
synchronously moving the illumination laser sheet and
video cameras across the suspension in the y direction so
that video of all parts of the suspension was recorded.
The speed of scanning was 1 mm/s. The particle ob-
servation cameras operated at a rate of 70 frames per
second.
Shear flow in the particle suspension was created by
applying the radiation pressure force from the focused
TABLE I. Experimental parameters and estimate of the kine-
matic viscosity of complex plasma in four experimental runs.
Parameter Run 1 Run 2 Run 3 Run 4
gas pressure pNe (Pa) 40 60 60 15
output laser power Plaser (W) 2.16 2.16 0.40 1.26
electron density ne (10
8 cm−3) 1.43 1.49 1.49 0.92a
electron temperature Te (eV) 8.6 8.4 8.4 9.8
a
screening length λD (µm) 98 96 96 122
a
particle diameter 2rp (µm) 3.38 3.38 3.38 6.86
particle charge Q (e) 1900 2000 2000 5600a
particle number densityb n (105 cm−3) 1.3 1.3 1.2 0.5
Wigner-Seitz radiusb a (µm) 122 123 127 173
screening parameter κ = a/λD 1.2 1.3 1.3 1.4
Epstein gas drag rate γ (s−1) 102 153 153 19
kinematic viscosity νmax (mm
2/s) 0.9 1.1 6.7 0.2
normalised viscosity η∗max 0.29 0.33 1.95 0.05
a For pNe = 20 Pa,
b measured without shear flow.
beam of a powerful manipulation laser. The laser beam
had a diameter of 1.5 mm (at a level of 1/e2) and was
aligned with the discharge tube axis. The laser output
power was in the range of 0.4–2.16 W. This experiment
was performed for various combinations of the experi-
mental parameters (gas pressure, particle size, and laser
power), see Table I.
A detailed quantitative analysis of the shear flow re-
quires the precise knowledge of the manipulation-laser
beam intensity profile at the position of particles. It is
rather complicated and not known with sufficient accu-
racy [11]. In the present experiments, we employed a new
method of measuring the laser beam profile in situ, which
is only possible in microgravity conditions: The plasma
was briefly (during 0.3–0.5 s) switched off while the ma-
nipulation laser was on. During the plasma off time, the
particle charge rapidly declined [15] and the interparticle
interactions all but vanished; however, the particle sus-
pension did not collapse due to the absence of gravity.
Instead, each particle attained terminal velocity (in the
axial direction) due to the balance of the laser force and
the neutral gas drag and the resulting particle velocity
profile reproduced the laser beam intensity profile.
We used video recorded by camera 1 during a scan of
a steady-state shear flow to reconstruct the particle flow
field using the following method. In each frame, individ-
ual particles were identified using a moment method and
then traced to the next frame. This gave the particle
velocity components vx,z. These 2D velocity fields were
then stacked into a 3D flow field (taking into account
the speed of scanning). From the obtained 3D flow field,
various projections or cross sections can be calculated.
Results. The reconstructed longitudinal velocity pro-
file vx(y, z) is shown in Fig. 1. (Scanning was performed
in the y direction.) This profile is valid under the as-
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FIG. 2. Particle trajectories during 0.143 s measured in the
central cross section of the shear flow in the (a) plasma on and
(b) plasma off periods in experiment 1 in Table I. Correspond-
ing particle velocity profiles vx(z) are shown in Fig. 3(a).
sumption of stationary flow. The flow apparently has
cylindrical symmetry. Therefore, it can be described by
a flow profile vx(r), thus presenting a one-dimensional
problem.
Due to the cylindrical symmetry of the shear flow, it
is sufficient to analyse its central cross section, as we do
below. The particle trajectories during the plasma on
and off periods in the experiment 1 in Table I are shown
in Fig. 2. Note that the actual trajectories are in general
three dimensional and therefore may not be completely
captured in these figures. The action of the manipulation
laser is clearly seen in the middle of both panels where
the particle trajectories are elongated in the x direction.
The time-averaged particle velocity profiles vx(z) and
voffx (z) for the plasma on and off periods, respectively, are
shown in Fig. 3. The background velocity was calculated
by linear fits as shown in Fig. 3(a) and then subtracted
from the velocity profiles as shown in Figs. 3(b),(c),(d).
One can make two important observations (in the figures
with subtracted background). First, vx(z) & v
off
x (z) for
|z| < 0.5 mm. While the reason for this is not completely
clear, we note that the difference between vx(z) and
voffx (z) is larger for higher laser power and may therefore
be due to the particle heating. Second, vx(z) ≃ v
off
x (z)
for |z| > 0.5 mm.
The latter result means that the shear viscosity of the
particle suspension is low. More precisely, it means that
ν/γ ≡ ℓ2visc, where ν is the kinematic viscosity of the
complex plasma liquid, γ is the neutral gas drag rate, and
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FIG. 3. Particle velocity profiles vx(z) (red circles, mea-
sured in the plasma on periods) and voffx (z) (blue diamonds,
measured in the plasma off periods) in four experiments,
see Table I: (a) and (b) experiment 1, (c) experiments 2
and 3, and (d) experiment 4. The origin in z is shifted
to the profile midpoint. In (a), the background velocity
is shown by dashed lines (fits through solid symbols). In
(b),(c),(d), the background velocity was subtracted from the
flow profiles; the curves are fits with the empirical function
(a+ bz2 + cz6) exp(−z4/d4), with b = 0 for (c) 0.4 W.
ℓvisc is the momentum transport length, is not resolved
here (within experimental error). In this situation, it is
not possible to measure ν, but at least it is possible to
place an upper estimate on it, as we show below.
This conclusion is based on the assumption of fast and
deep enough particle decharging during the plasma off
period. Decharging of particles in a decaying afterglow
plasma is a complex problem; for radio-frequency plas-
mas it was studied in detail in Ref. [15]. It was reported
that the afterglow plasma decayed within a few millisec-
onds after switching the discharge off, while the rest
charge on the particles was around 1.6× 10−2Q0 ≃ 160e,
where Q0 is the equilibrium charge of the particles in
plasma.
In our experiments, we observed that when the dis-
charge was switched off, the particle cloud initially did
not undergo any dramatic change and its mean interpar-
ticle spacing [calculated from g(r)] increased by a max-
imum of 5%. The cloud started to slowly drift in the
positive z direction, see Fig. 2(b), presumably due to
the thermophoretic force caused by the inhomogeneous
heating of the discharge tube, similar to the findings of
Ref. [15]. This means that the residual charge on the par-
ticles, if any, was small. Therefore, in the analysis below
we neglect the interparticle interactions in the plasma
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FIG. 4. (a) Fitted particle velocity profiles for the plasma on
(thin red curve) and plasma off (dotted blue curve) periods
and D (thick purple curve). (b) Plot of ν/γ for experiment 1
in Table I, see the text for details.
off period. In some experiments, e.g., run 2 in Table I,
the initial phase of slow drift was followed by the second
“fly-out” phase: Approximately 0.17 s after the discharge
was switched off, the particles started to accelerate in the
positive x direction and spread in the z direction. We do
not consider the fly-out phase here.
To analyse the shear flow, we start with the Navier-
Stokes equation (fluid equation where the particle sus-
pension is treated as a continuous viscous liquid). For
our situation (steady-state laminar flow of incompress-
ible liquid with cylindrical symmetry) it reads:
mdν
1
r
d
dr
(r
dv
dr
) = mdγv − Flaser(r), (1)
wheremd is the dust particle mass, ν is the kinematic vis-
cosity (assumed to be constant) of the complex plasma
liquid, v = vx(r) is the flow velocity, r is the radial coor-
dinate, γ is the neutral gas drag rate, and Flaser(r) is the
laser force. Since Flaser = mdγv
off , where voff = voffx (r),
and using the notation D = r−1 ddr (r
dv
dr ), Eq. (1) can be
written as νD = γ(v − voff), or (ν/γ)D = v − voff . Here,
D is well defined for the fitted smooth velocity profiles,
see Fig. 4(a). However, since in the profile tails v ≃ voff
within the experimental error ∆v (defined as the rms de-
viation of measurements from the fitting curve), ν/γ is
small and poorly defined. For example, the result of for-
mally calculating ν/γ = (v − voff)D−1 for the data of
Fig. 3(b) is shown in Fig. 4(b). In the tail of the flow
velocity profile, ν/γ ≃ 10−3 mm2 and ν ≃ 0.1 mm2/s.
In some experimental runs, v < voff in the fitted profile
tails, which formally gives negative (unphysical) viscos-
ity.
Further experiments were performed, where the ex-
perimental procedure was modified in a way that would
increase the complex plasma’s shear viscosity and ren-
der it measurable. Three approaches were tested. First,
the manipulation laser power settings in the range from
medium to very low (just above the lasing threshold) were
used. The idea was to reduce shear thinning [16] so that ν
would become larger and measurable. The outcome was
qualitatively the same, i.e., v ≃ voff within the experi-
mental error, see Fig. 3(c). At the lowest laser power used
(0.4 W), the particle velocity profiles are very noisy. Sec-
ond, larger particles (6.86 µm in diameter) were used to
achieve larger particle charge and therefore larger ν and
simultaneously lower gas drag rate γ. Third, lower gas
pressure (15 Pa) was used to achieve lower γ. These mod-
ifications of the experimental procedure were intended to
increase the ratio ν/γ to a measurable level. The out-
come of this test, however, was qualitatively the same,
i.e., v ≃ voff within the experimental error, see Fig. 3(d).
Therefore, it is not possible to reliably measure the
complex plasma’s shear viscosity in our experimental
conditions, but it is possible to place an upper estimate
on it. For example, in experiment 1 in Table I, ν <
νmax ≡ γ∆v 〈D
−1〉 ≃ 102 s−1×0.093mm/s×0.09mms ≈
0.9 mm2/s, where the averaging is performed in the veloc-
ity profile tail 0.7 mm ≤ r ≤ 1.1 mm. Similar estimates
are also found for other experimental runs, see Table I.
Comparison with previous results. Surprisingly, our
experimental results for kinematic viscosity turn out to
be much lower than those reported in previous (ground-
based) experiments with 3D complex plasmas: ν ≈
130 mm2/s in Ref. [3], ν = 0.8–160 mm2/s in Ref. [4], and
ν = 10–300 mm2/s in Ref. [5]. All these earlier experi-
ments were designed in a fashion similar to ours: A shear
flow in a complex plasma was created by laser manipu-
lation. In Ref. [5], a prototypal laboratory PK-4 setup
was used. Yet except for one measurement in Ref. [4],
the previously reported viscosity values are significantly
higher than our estimate.
The physics behind this difference may be a different
structure of the complex plasma in our experiments. In
particular, it was shown that in microgravity conditions
particles tend to form strings elongated along the dis-
charge tube [17]. String formation (which is a known
mechanism of shear thinning in simulated colloids [18])
can reduce the viscosity of complex plasma. Shear thin-
ning and related shear-induced particle reordering were
also experimentally observed in a laser-induced shear flow
in a 2D complex plasma, where particles formed strings
aligned in the flow direction [16]. It is interesting to note
that our result for kinematic viscosity of a 3D complex
plasma is comparable to that of a 2D complex plasma
ν2D = 1.4–6 mm
2/s [2, 16] and also of liquid water,
νw ≃ 1.8 mm
2/s [19].
Improving our estimate of the shear viscosity or even
measuring its exact value will require extended exper-
imental parameter ranges (first of all, much lower gas
pressures) and therefore new flight hardware. This is not
practical at the moment and must be reserved for future
projects. Meanwhile, the results of the present work may
help in designing a more advanced successor to the PK-4
instrument.
5To compare our results with previous MD simulations,
we calculate the normalised viscosity η∗ = ν/(ωpda
2),
where ωpd = (Q
2n/ǫ0md)
1/2 is the dust plasma fre-
quency. For example, in experiment 1 in Table I, ωpd =
211 s−1 and a = 0.122 mm; therefore, η∗max ≃ 0.29. For
the conditions of experiment 1 (Γ ≃ 200 and κ = 1.2),
the interpolation formula proposed in Ref. [20] (based on
equilibrium 3D MD simulations with Yukawa interparti-
cle interactions) gives η∗ = 0.22. This is in agreement
with our experimental estimate. The MD simulation of
Ref. [6] gives η∗ = 0.06 for the closest reported values
of Γ = 100 and κ = 1. While also compatible with our
experimental findings, this value is lower than that given
in Ref. [20]. This may be due to the nonequilibrium
method used in Ref. [6] (an imposed sinusoidal velocity
profile was allowed to relax), which may model our ex-
periment better than the equilibrium simulations based
on the Green-Kubo formula. In this regard, we note the
need of further computer simulations with a more real-
istic (anisotropic) interparticle potential [10] and using
nonequilibrium methods.
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